Although several major histocompatibility complex (MHC)-wide single-nucleotide polymorphism (SNP) studies have been performed in populations of European descent, none have been performed in Asian populations. The objective of this study was to identify human leukocyte antigen (HLA) loci associated with multiple sclerosis (MS) in a Japanese population genotyped for 3534 MHC region SNPs. Using a logistic regression model, two SNPs (MHC Class III SNP rs422951 in the NOTCH4 gene and MHC Class II SNP rs3997849, susceptible alleles A and G, respectively) were independently associated with MS susceptibility (204 patients; 280 controls), two (MHC Class II SNP rs660895 and MHC Class I SNP rs2269704 in the NRM gene, susceptible alleles G and G, respectively) with aquaporin-4À (AQP4À) MS susceptibility (149 patients; 280 controls) and a single SNP (MHC Class II SNP rs1694112, susceptible allele G) was significant when contrasting AQP4 þ against AQP4À patients. Haplotype analysis revealed a large susceptible association, likely
Introduction
Multiple sclerosis (MS) is the prototypic disease of central nervous system (CNS) myelin and is considered to be autoimmune in origin. Although the exact cause of MS is unknown, there is an unequivocal, if partial, genetic contribution to its pathogenesis. 1, 2 Although several loci with modest replicable effects on MS susceptibility have been identified (mostly in studies of populations of European descent), the only genetic region identified with a large, consistently replicated effect in all populations is the human leukocyte antigen (HLA) region on chromosome 6p21.3. The primary signal arises from the HLA-DRB1 gene in the Class II segment of the locus, more specifically the *15:01 allele of DRB1, but complex hierarchical allelic effects, copy number and cis-trans regulatory interactions across the entire region, including a protective signal in the Class I region, have been reported as well. [3] [4] [5] [6] [7] [8] [9] MS is relatively rare in Asians, but clinical heterogeneity is worth noting. Some have a disease, termed conventional MS (CMS), which is indistinguishable from MS in western countries (disseminated lesions in the CNS), whereas others have a variant, termed opticospinal MS (OSMS), which involves predominantly the optic nerve and spinal cord. 10 The exact relationship between CMS and OSMS is uncertain; OSMS might represent a true variant of CMS or a phenocopy that is biologically unrelated to CMS. HLA data suggest that the two forms are immunogenetically distinct. In studies of the HLA in Japanese MS populations, CMS was associated with HLA-DRB1*15:01, 10 whereas OSMS was associated with the centromeric HLA-DPB1 locus, [10] [11] [12] both Class II major histocompatibility complex (MHC) genes. Recently, autoantibodies against the cell membrane water channel aquaporin-4 (AQP4), a specific biomarker for neuromyelitis optica (NMO), were identified in a proportion of patients with OSMS, leading to a reclassification of this entity based on seropositivity to AQP4. Because the distinction between MS and NMO (an inflammatory disease affecting only the optic nerves and spinal cord) and their etiologies is not clear, especially in the Japanese population where there is a higher relative prevalence of OSMS, 13 a well-defined biomarker such as AQP4 seropositivity may be more useful for stratification for genetic analyses. Indeed, in Japanese populations, HLA-DRB1*12 was found to be a risk factor for anti-AQP4 antibody-positive patients, but not antibodynegative MS. 14 However, a comprehensive investigation of the entire HLA region in Japanese MS has yet to be performed.
The advent of large-scale single-nucleotide polymorphism (SNP)-based genotyping allowed broad analyses of the HLA region in MS. For example, several whole-genome association studies have been completed in individuals of European descent, [15] [16] [17] [18] [19] [20] [21] [22] [23] which included thousands of SNPs in the HLA region. Most of these studies validated the strong Class II HLA-DRB1*15:01 association with disease susceptibility, as well as HLA Class I 20, 24 and a DRB1*03:01-DQB1*02:01 (ref. 23) associations. In addition, a few studies have focused exclusively on SNPs in the HLA region using customized arrays, confirming the presence of a disease locus in the Class I region. 6, 9, 24 To date, significant Class I associations have not been identified in Japanese MS. The unique patterns of linkage disequilibrium (LD) between different ethnic groups have represented a powerful means to delineate causative disease-associated variants in the HLA region. [25] [26] [27] The objective of this study is to identify HLA loci associated with MS in a Japanese data set using a high-density SNP array. In addition, because of the complexities of defining disease subclasses and the resulting sizes of those subclasses in this population, a biomarker (presence or absence of autoantibodies against AQP-4) was used instead to stratify the population for further refinement of genetic associations.
Results

Population parameters
A total of 280 healthy controls (HC) and 204 individuals with MS with data for 3534 HLA region SNPs remained after all quality control (QC) steps (Table 1) . In all, 46% of the HC and 75% of the individuals with MS were women (gender was included as a covariate for all analyses). A total of 55 of all patients were positive for anti-AQP4 antibody (AQP4 þ ). Among 193 cases that fulfill the revised McDonald criteria, 28 51 cases (26.4%) are positive for the anti-AQP4 antibody.
Multidimensional scaling was used to determine the ethnic relationship between the Japanese MS cohort and 12 HapMap populations. By plotting the first by the second dimension, all patients and controls cluster with the HapMap Japanese and Chinese populations (Supplementary Figure 1 ), verifying that they are indeed East Asian. Plotting all informative dimensions (n ¼ 7) separately, patients and controls always cluster with the HapMap Japanese population, including dimension 7, which separates the Chinese from the Japanese populations (Figure 1) , verifying that the experimental sample is non-Chinese East Asian (genotyping data for other East Asian populations was not available).
Association analyses
The two SNPs typically used to infer DRB1*15 status (rs3135388 and rs9271366 (ref. 29)) were not useful for determining *15:01 carrier status and copy number in this data set. The SNP rs3135388 is fixed for the G allele in the current population, as well as the HapMap Japanese population, and rs9271366 captured in our data set both the *15:01 and *15:02 alleles. The association between rs9271366 and all MS and AQP4À MS was not significant (comparison-wise P ¼ 0.33 and 0.15, respectively). Across the (classical) HLA-typed individuals, 48% of the *15 alleles in the data set were *15:02, indicating that the *15:02 alleles are likely diluting the risk effect of the *15:01 alleles for this particular SNP. Therefore, only DRB1*15:01 presence or absence data, from DRB1*15:01-specific primers, 25 was used for the experimental sample and was moderately associated with MS (P ¼ 0.014) and AQP4À MS (P ¼ 0.01); however, this association was modest compared with the SNP associations (see below: trend test, P ¼ 10 À6 À10 À7 ). Two SNPs were associated with MS using the iterative model ( Table 2 ). Rs422951 in the Class III region had the most significant association with MS (P ¼ 2.9 Â 10 À6 ; odds ratio (OR) ¼ 0.4; 32 296 360 bp) (Supplementary Figure 2A) . This SNP results in a missense mutation in NOTCH4. After fitting rs422951 into the model, rs3997849 was the most significant SNP (P ¼ 8.1 Â 10
À5
; OR ¼ 0.5; 32 790 379 bp). The SNP rs3997849 is in the HLA Class II region, closest to the HLA-DQA2 gene (26 761 bp away). When fitting both SNPs as covariates in the model, no other SNPs were significant for MS at false discovery rate (FDR) Po0.1.
Two SNPs were significant for AQP4À patients vs controls using the iterative model ( Figure 2B) . This SNP is in the Class II region and is closest to the HLA-DRB1 and HLA-DRB5 genes (19 817 bp away). After fitting rs660895 into the model, rs2269704 was the most significant SNP (P ¼ 1.64 Â 10
À4
; OR¼ 0.27; 30 764 931 bp). This SNP is in the Class I region and is in an intron of the NRM29/NRM gene. After fitting these two SNPs, no other SNPs were significant for AQP4À MS susceptibility at FDR Po0.1.
Only a single SNP, rs1694112, was significant (P ¼ 1.34 Â 10 À5 ; OR ¼ 3.30; 32 757 641 bp) when contrasting AQP4À vs AQP4 þ patients (Supplementary Figure  2C) . This SNP is in the Class II region and is closest to 
Haplotype analyses
Haplotype analyses were performed to further clarify the roles of the significant SNPs in tagging causative variation (Table 3 ). For MS, using a haplotype dosage model, three Class II-class III haplotypes (rs422951-rs3997849: G-G, G-A, A-A) were at least suggestively (comparison-wise Po0.1) associated in the resistant direction (OR o1), and the remaining haplotype (rs422951-rs3997849: A-G) was significantly associated in the susceptible direction. All three 'resistant' haplotypes are significantly associated with resistance when fit together in the multivariate model. For AQP4À demyelinating patients vs controls, two haplotypes (rs660895-rs2269704: A-G, A-A) were significantly associated in the resistant direction, whereas a single haplotype (rs660895-rs2269704: G-G) was associated with susceptibility. Both resistant haplotypes were highly significant when fit in the multivariate model.
Haplotype tagging of DRB1 alleles
As the HLA-DRB1 gene, and specifically the *15:01 allele, has been shown in populations of European descent and in Japanese to have an association with MS susceptibility, the two-locus haplotypes associated with MS and the single SNP associated with AQP4À vs AQP4 þ patients were scrutinized for their ability to tag DRB1 alleles in the subset of individuals (n ¼ 218) with DRB1 data (Supplementary Table 1 ; Supplementary Figure 3) . For the MS group, the most significantly associated and only susceptible haplotype was AG (rs422951-rs3997849). This haplotype captures 100% of the DRB1*15:01 alleles, which may explain part of the association with MS, but also captures most of the *08:03, *08:02 and *04 alleles. 
Discussion
The HLA region has repeatedly shown a strong association with MS in studies of individuals of European descent.
2
The HLA-DRB1*15:01 allele, as observed through classical HLA typing and *15:01 tagging SNP studies, is the likely source of the major HLA effect in individuals of European descent. In the Japanese population, which has a higher frequency of OSMS than populations of European descent, the *15:01 allele was found to be associated with CMS only. 10 This study investigated the association between 6040 HLA region SNPs with MS in 204 Japanese patients and 280 Japanese controls.
A total of 2506 SNPs were removed from the analysis owing to QC. The majority (65%) of these SNPs were removed because of minor allele frequency o0.05. This is not surprising considering that most known SNPs were discovered in non-Asian populations, and that there is less genetic variation in the Japanese population as compared with many of populations in which the SNPs were identified. The total number of SNPs passing QC and remaining in the analysis was 3534. The reduction in the total number of SNPs from QC decreased the coverage of the MHC region to an average of 707 SNPs per Mb.
Although the number of individuals were modest for an association study (n ¼ 280, 204, 149 and 55 for controls, all patients, AQP4À and AQP4 þ patients, respectively), this study is the largest of its kind in Japanese MS. For the main analysis with 204 patients, the power, calculated using the Power for Genetic Association Analyses program 30 (co-dominant model, disease prevalence ¼ 0.001, disease allele frequency ¼ 0.2, marker allele frequency ¼ 0.2, effective degrees of freedom ¼ 3429 (calculated using the EDF program included with Power for Genetic Association Analyses), a ¼ 0.1), was good to detect large effects (power ¼ 0.97 for relative risk ¼ 3), but not moderate effects (power ¼ 0.4 for relative risk ¼ 2). Power was considerably less for the other analyses with fewer patients, as expected (data not shown). Consequently, as in any study of the genetics of a complex disease, this study likely does not capture all biologically associated loci or loci with small effects if they are present. The results and discussion herein therefore pertain to those effects that the study had the power to identify.
Fitting the most significant SNP from an MHC-wide analysis as a covariate in subsequent MHC-wide analyses identified two SNPs that were significantly (FDR P ¼ 0.1) associated with MS. It was decided a priori to use an FDR P ¼ 0.1 to strike a balance between power and false negatives. At this significance level, 90% of all significant associations are expected to be true positives. The sequential method allows the determination of multiple SNPs that are associated independent of the LD they share with a more significant SNP. The most significantly associated SNP (rs422951) was in the Class III region and results in a missense mutation (Thr-Ala) in the NOTCH4 gene. NOTCH4 is involved in cell differentiation, proliferation and apoptosis, and has been implicated as a schizophrenia-associated locus. 31 Although possible associations have been identified for other autoimmune diseases, 9 a NOTCH4 genetic association independent of DRB1 has not been previously shown for MS. However, the NOTCH signaling pathway may be important in T-cell activation, oligodendrocyte differentiation, remyelination and has been suggested as a target for treatment of MS. 32 Therefore, the association of the NOTCH4 missense mutation with MS may be of great importance to identifying treatments for Japanese MS patients. The secondarily MS-associated SNP (rs3997849) is closest to the HLA-DQA2 gene in the Class II region. This gene encodes a protein involved in antigen presentation, and although previously studied in MS in a population of European descent, 33 the gene has not been previously shown to be associated with MS independent of DRB1.
Classification of patients into MS or NMO disease is complex in the Japanese population. Many patients fall into both OSMS and NMO groups, and several non-NMO patients are AQP4 seropositive (Table 1) . Therefore, AQP4 seropositivity, rather than disease class, was used to stratify the data for subsequent analysis. Two SNPs were significantly associated with AQP4À MS. The SNP rs660895 was the primary associated SNP, and is closest to the DRB1 gene. DRB1 is the strongest and most replicated associated gene with MS in populations of European descent. 2 When fitting rs660895 in the model, rs2269704, which is located in an intron of the Class I NRM29/NRM gene, was the most significantly associated SNP. This gene is a nuclear envelope membrane protein, and no evidence of previous associations of this gene with MS could be identified. Finally, contrasting AQP4 þ and AQP4À, MS patients identified a single significantly associated SNP (rs1694112), which is closest to the HLA-DQB1 gene.
It should be noted that both SNPs significant for all MS, rs422951 and rs3997849, were both significant for AQP4À patients vs controls (FDR P ¼ 0.003 and 0.06, respectively) in the same direction, and rs660895 and rs2269704 in all MS (FDR P ¼ 0.006 and 0.01, respectively). Thus, it can be concluded that the differences in top associations between the two analyses, all demyelinating and AQP4À demyelinating, is likely due to random statistical fluctuations that occur when making a small modification to a data set (removing 55 AQP4 þ individuals), rather than true differences being identified by subsetting the data.
Although it is interesting, and possibly informative, to discuss the genes closest to the identified significant SNPs, the extensive and intricate LD patterns in the MHC leads to the possibility that these SNPs may be tagging a causative mutation further away than the closest genes. As DRB1 is the classical MS-associated gene in individuals of European descent and evidence of association has been reported in Japanese MS, haplotypes formed by the SNPs were scrutinized for the ability to tag DRB1 alleles in 218 Japanese individuals for whom four-digit DRB1 data were available. For the analysis of all MS, the single susceptible haplotype contained all of the DRB1*15:01 alleles. However, because this haplotype also tagged several other DRB1 alleles well, it is not possible to determine which of the DRB1 alleles are responsible for the association. The most highly associated resistant haplotype (G-G) mostly contained *01:01, *13:02 and *09:01 alleles. DRB1*01 and *09 alleles have previously been shown to confer resistance to MS and AQP4À MS, 14 and it is likely the same association identified in this data set.
For the AQP4À haplotype analyses, G-G and A-G haplotypes made up 90% of the total haplotypes. The most strongly associated haplotype was G-G (P ¼ 9.04 Â 10 À8 ; OR ¼ 2.32). Seventy-five percent of this haplotype contains *04 alleles. The association of this haplotype is particularly striking when considering that it excludes *15:01, and considering that the *15:01 effect is included in the non-GG haplotypes in the analysis (*15:01 is found exclusively with the A-G haplotype). This haplotype is tagging a non-*15:01 allele, which has a large effect, which could be larger than the *15:01 effect, on AQP4À MS susceptibility in the Japanese population. The very modest associations between *15:01 presence/ absence and general MS and AQP4À MS also support the observation that the *15:01 haplotype may have a reduced role in Japanese MS as compared with MS in western populations. Isobe et al.
14 also identified a *04 association with AQP4À MS, and it is therefore this allele group that is the likely source of the susceptible association or part of a susceptible haplotype.
Although an association of DRB1*15:01 with conventional Japanese MS has been reported previously, 10, 34, 35 a lack of a DRB1*15 association, except when stratifying by *09 or *12, has also been reported in Japanese MS. 14 The results of the present study clarify the *15 association. In this study, with a larger sample, presence/absence of *15:01 was found to be modestly associated with MS and AQP4À MS. However, the SNP that tags both *15:01 and *15:02 (rs9271366) was not associated with either disease classification. This result indicates that the non-associated *15:02 alleles are diluting the modest association of *15:01 when only two-digit genotypes are available. If *15:01 is indeed the causative allele in western populations, this finding is surprising considering that *15:02 proteins are expected to present the same antigens as proteins derived from *15:01. 36 However, *15:02 was also identified as MS non-associated in two very small previously published studies, 37, 38 and it has been shown that the two alleles may have differing effects with regard to aplastic anemia. 36 The difference in effect of the two alleles may be due to the single amino-acid difference between proteins from the two alleles, LD with another associated mutation or differences in expression between the two alleles. Because of the large association of *15:01 with MS in individuals of European descent and moderate association in other ethnicities, determining the mechanism for the difference in association between *15:01 and *15:02 may greatly increase our understanding of the molecular causes of MS.
Through conditional analysis, Lincoln et al. 39 found that the Class II haplotype block and DRB1 accounted for most of the MHC-associated MS susceptibility in two populations of European descent, and that Class III associations could be explained by LD with Class II genes. Other studies have suggested, through haplotype analysis, that DRB1*15:01 interacts with other genes in the Class II region to cause susceptibility, or that DRB1*15:01 is part of a susceptible haplotype, but itself is not the causative genetic factor for the strongest genetic association with MS in individuals of European descent. This study also finds that in the Japanese MS population, the DRB1*15:01 allele is not part of the major MS susceptible haplotype in AQP4À patients.
In conclusion, the objective of this study was to elucidate the effects of the HLA in Japanese MS. This study is the largest study of the HLA's contribution to MS in Japanese individuals. Haplotype analysis revealed a large susceptible association, likely DRB1*04 or a locus in LD with DRB1*04 alleles, with AQP4À MS, which excluded DRB1*15:01 and other loci sharing a haplotype with DRB1*15:01. Several resistant haplotypes were identified, but it is difficult to say whether these haplotypes truly harbor resistant alleles or whether they only appear resistant when opposed to the susceptible haplotypes. Finally, although a very modest association of DRB1*15:01 with MS was observed, DRB1*15:02 was not associated. Because of the similarities of the proteins from these two alleles, differing only at a single amino acid, further studies to understand the nature of this difference, whether it be functional or haplotypic, could greatly increase our understanding of the molecular mechanisms leading to MS.
Materials and methods
Subjects
All samples from Japanese cases were collected in the Neurology Departments of the University Hospitals of the South Japan MS Genetics Consortium, which comprises the following six universities, all located in southwestern Japan: Kyushu University, Yamaguchi University, Ehime University, Hiroshima University, Kinki University and Osaka University. The final data set consisted of DNAs from 280 control (HC) and 204 patients with MS (193 cases who fulfilled the revised McDonald criteria 28 and 11 cases who at least met the criteria of clinically isolated syndrome 41 and were suggestive of MS), genotyped on a custom Infinium iSelect HD Custom Genotyping BeadChip (Illumina Inc., San Diego, CA, USA) for 6040 MHC region SNPs. SNPs were selected by previously described methods, 27, 42, 43 and included an additional 4431 non-chromosome six SNPs genotyped for assessment of population stratification. Anti-AQP4 antibody was measured in all patients using green uorescent proteinAQP4 fusion proteintransfected human embryonic kidney cells as described previously.
14 All participants gave written informed consent. This study was approved by the UCSF institutional review board, and the institutional ethical committees at each university of the South Japan MS Genetics Consortium.
DRB1 genotypes were available for 218 Japanese individuals. The HLA-DRB1 alleles of the subjects were determined by hybridization of sequence-specific oligonucleotide probes in specific amplicons, as described elsewhere. 44 In addition, 264 controls and 203 patients were typed for DRB1*15:01 presence/absence using validated gene-specific TaqMan assays as described by Caillier et al. 25 Quality control SNPs. SNPs were removed from the data set for missing genotypes greater than 5%, violation of HardyWeinberg equilibrium (Po0.001), or having a minor allele frequency less than 5%. SNPs were also removed if they were significantly (Po0.001) differently missing between all patients and controls (PLINK-test-missing) or if they were nonrandomly missing (Po0.001) with respect to their expected genotypes derived from nearby SNPs in LD (PLINKtest-mishap). After all QC, 3534 HLA region SNPs remained. All genomic positions reported correspond to NCBI SNP build 129. 45 Samples. All individuals with 10% or more missing genotypes were removed from analysis. To verify ethnicity, multidimensional scaling was used to cluster the experimental sample with data from 12 HapMap populations. Data for 705 non-chromosome six SNPs were common between all data sets and used for the analysis. Plots were generated for the first component onto the second component, and for each informative component (components 1-7) separately.
To identify population stratification, principal components were calculated for each individual using the 3668 non-chromosome six SNPs remaining after QC. Based on the scree plot, the first three components were considered informative (Supplementary Figure 4) . Visual examination of a three-dimensional plot of the first three components identified three obvious outliers (Supplementary Figure 5) . T 2 statistic analysis (Supplementary Figure 6) identified six outliers (including the three identified by visual examination), and data for all six samples were removed from the study.
Statistical analyses Association analyses. Logistic regression (PLINK-logistic) was used to determine the association between HLA SNPs and MS, AQP4 þ MS and AQP4À MS. An additive genetic model was assumed and gender included as a covariate for all analyses. Following the methods of McElroy et al., 27 for each trait multiple rounds of analyses were performed, with each successive round including the most significant SNPs from the previous rounds, until no SNPs were significant at an FDR 46 of 0.1. This method facilitates the identification of multiple associated SNPs that are not redundantly associated with the trait through LD.
Haplotype analyses. Haplotypes were estimated for the significant SNPs (PLINK-hap). Haplotype effects were determined by weighted logistic regression of disease status onto haplotype dosage, with gender as a covariate to identify specific haplotypes that may be tagging traitassociated loci. Four-digit HLA-DRB1 genotypes were available for a subset of individuals (n ¼ 218). To investigate how haplotypes of significant SNPs relate to HLA-DRB1 allelic polymorphism, haplotype frequencies were estimated by maximum-likelihood implemented in an Expectation Maximization algorithm. 47 Positive predictive values and sensitivities of the SNPs to predict HLA-DRB1 alleles at the haplotype level were computed. All analyses were completed using PLINK (version 1.07), 48 JMP Genomics 4.1 (SAS Institute Inc., Cary, NC, USA) and R (version 2.9), 49 unless otherwise noted.
